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AbstractChemicalorderingat metastable eutectics was recognized in non-equilibrium gas-to-

solid condensation experiments to constrain 'silicate' dust formation in O-rich circumstellar

environments. The predictable metastable eutecti¢ behavior successfully predicted the observed

ferromagnesiosilica compositions of circumstellar dust, presolar and solar nebula grains in the

matrix of the collected aggregate IDPs. Many of the experimentally determined metastable

eutecti¢ solids match the fundamental building blocks of common rock-forming layer silicates:

this could have implications for the origin of Life. The physical conditions conducive to

metastable eutecti¢ behavior, i.e. high temperature and (ultra)fast quenching, lead to unique

amorphous, typically nano- to micrometer-sized, materials. The new paradigm of metastable

eutectie behavior opens the door to new and exciting research opportunities in uncovering the

many implications ef these unique amorphous, and typically nano- to micrometer-sized,

metastable eutectic materials.

INTRODUCTION

Nature abhors a vacuum. Humans abhor unpredictable change. Equilibrium thermodynamics,

which satisfies our desire for order, is a useful tool to describe the ideal state of a system wherein

nothing changes. It does not, and can not, tell how a system was formed. The activation energy

required going from one equilibrium-state to another one is ideally available instantaneously and

systems would therefore adjust rapidly to changing environments. Metamorphic reactions are an

extreme case wherein so-called metamorphic overstepping is necessary to provide the driving

force to adjust the new mineralogy to the imposed conditions. These reactions will not occur at

the pressure-temperature conditions predicted by experimentally determined phase stability

curves. In order to reach a new thermodynamic equilibrium state the metamorphic reactions will

most likely proceed via one or more intermediate stages of kineticaily controlled reactions that by

their non-equilibrium nature seem to be unpredictable. It might be tempting to give up any

attempt to reconstruct the conditions and unpredictable chains of events of continual changes. But

what happens when the new conditions are far removed from equilibrium?

This is not uncharted territory but a regime of a so-called Prigogine dissipative structure,

which is a state of organization wherein disorder itself becomes a new source of order [ I ]. One

obvious process characterized by severe non-equilibrium would be gas-to-solid condensation

whereby variations in the rate of condensation or evaporation occur as a function of grain

temperature below the thermal equilibrium temperature [2]. There will be a domain of grain

growth wherein order will evolve via condensation when the rate of condensation exceeds the
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evaporationrate[2].Thesedomainsof orderorPrigogine dissipative structures are represented

as metastable solids. Prigogine dissipative structures may arise in many space environments [2]

where dust is formed by vapor phase condensation. This is consistent with the long-held axiom

among Astronomers and Planetary Scientists that 'silicate' dust in the Galaxy initially formed by

vapor-to-solid condensation in cooling O-rich circumstellar atmospheres as well as in the 4.6 Ga-

old solar nebula [3,4].-

It is relevant then to ask if we could predict the chemical and crystallographic properties of

these recta.stable solids? As an initial approach, we use binary phase diagrams with multiple

euteetic points to explore the compositions of the metastable euteetics. These compositions will

not match any thermodynamically stable stoichiometrie minerals. The metastable eutectic solids

with predictable chemically ordered compositions will be amorphous. Th.us, they ,,,,'illcontain a

considerable amount of"internal chemical and crystallographic free energy". As a result there is

little activation energy required to start seemingly chaotic sequences of kinetically controlled

reactions that may ultimately reach thermodynamic equilibrium.

Metastable eutectic solids may exist in many environments from natural and anthropogenic

processes. It is possible that predictable metastable behavior may be a very common phenomenon

but one that we have yet to recognize. We submit that the boundary conditions that lead to

metastable eutectic behavior will be both high temperatures and ultra rapid quenching. What

geological environments or processes meet these boundary conditions? Such environments are

not necessarily unique to the Earth and should therefore exist on other terrestrial planets and

satellites in our solar system. Anthropogenic processes leading to metastable eutectic behavior

include coal burning and nuclear waste storage and disposal.

In this paper we report the properties of chemically ordered solids at metastable eutectics that

were obtained during systematic gas-to-solid condensation experiments of three binary vapors

and one ternary metal-oxide vapor. We will investigate the occurrence of metastable eutectic

behavior in selected natural and anthropogenic environments and processes but this paper is

admittedly an incomplete survey of the available literature. We will highlight the possibilities and

implications of metastable eutectic behavior whenever the right physical conditions of high

temperature and ultra-rapid quenching occurs. This particular non-equilibrium behavior offers as

yet unexplored exciting and new research opportunities in Earth and Planetary. Sciences with

implications we still have to fully appreciate as well as in many other areas and we invite readers

to explore the applicabilit?, of predictable metastable equilibrium.
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GAS-TO-SOLID CONDENSATION EXPERIMENTS

The Condensation Experiments

The samples were produced by non-equilibrium gas-to-solid condensation using the

Condensation Flow Apparatus described by [4,5]. In this apparatus there is no standard set of

flow, temperature or pressure settings, but the following conditions are all at least somewhat

typical of an average experiment. The total pressure in the system is -100 torr while the

temperature in the furnace is -1000K. The hydrogen flow rate is ~1000 seem (standard cubic

centimeters per minute). The helium flow through the iron-carbonyl is on the order of 500 seem.

We estimate that the iron earbonyl concentration is -10% of the total flow of helium. Magnesium

metal is placed into a graphite boat inside the furnace. At the nominal 1000K temperature of the

furnace, magnesium metal has a vapor pressure of-5 torr. The oxygen flow rate always equals or

exceeds that of silane (SiI-h) but is usually within a factor of two of the silane setting. The silane

flow rate is typically ~100 seem. The hydrogen to oxygen ratio is always >5 as some amount of

hydrogen is also contributed by silane. The typical oxygen flow is sufficient to just balance

hydrogen contributed from the silane flow to produce water and Si° without effeeting the bulk

flow of hydrogen. The amount of hydrogen in the system was insufficient to cause the hydration

of the -20 am-sized solids at a nominal quenched temperature of 775K even though hydrogen

was the dominant gas present in the system. It is possible that Si203 condenses in a complex

vapor [6]. The amount of water during condensation might then be controlled by the reaction

5i203 + I-t20 = 2 SiO2 + He. Some of level of "juvenile' hydration might occur in the experiments

but the formation of layer silicates in condensed samples typically requires substantial time,

temperature and water-saturated conditions [7,8].

In this system the oxygen fugacity is a dynamic quantity that is dependent on reaction rates,

rather than a thermodynamic quantity. The actual oxygen fugacity during condensation is

conducive to formation of iron oxides instead of Fe °, to the formation of silicon oxides instead of

Si°, and formation of magnesium oxides rather than Mg metal. Details of the condensation

experiments are available for the AI-SiO-H2-O2 [9] (Fig. 1), Mg-Fe-SiO-He-O2 [I0], Fe-SiO-He-

O2 [11], Mg-SiO-H2-O2 [4] vapors. The bulk compositions of the condensing gases are unknown.

They will be close to the bulk composition of the average solid, which can be obtained

analytically by grain-by-grain analyses in the analytical electron microscope (AEM) [10] or via

low resolution SEM studies of pressed powder samples.
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Electron Microscope Analyses

A small portion of the condensed material from each experiment was embedded in epoxy

(Spurrs) to prepare serial ultrathin sections (90 nm thick) using a Reichert-Jung Ultramicrotome E

equipped with a diamond knife. The ultrathin sections that are transparent to the electron beam

were placed on holey carbon thin-films supported by standard 200 mesh Cu grids for study in a

JEOL 2000FX transmission electron microscope (TEM). The microscope operated at an

accelerating voltage of 200 keV and was equipped with a Tracor-Northern TN-5500 energy-

dispersive spectrometer (EDS) for analysis of elements with atomic number >11. The analytical

spot size was -10-20 nm in diameter. Quantitative determination of the composition of individual

grains >10 nm in diameter was obtained by the Cliff-Lorimer [12] thin-film correction procedure.

The error in abundances of major-element oxides is 5% relative. Artifacts in grain composition

could arise fi'om overlapping grains smaller than the section thickness. This potential artifact was

not a problem in this ATEM study. Prior to analysis each grain was viewed using a "through-

focus" technique to determine the possible presence of additional grains along the electron

beam's path. The location of each EDS analysis was recorded on TEM micrographs to evaluate

possible contamination. Imaging in the TEM viewing mode is routinely possible with a 0.2-nm

spatial resolution. The dimensions of condensed solids were measured in calibrated TEM

micrographs with a 10% relative error. The crystallographic grain properties, i.e. amorphous or

crystalline, were determined by selected-area electron diffraction whereby relative errors in the

interplanar (d-) spacings are 2% relative for single-crystal grains; -10% relative for small grain

clusters based on polycrystalline (or "ring") patterns.

PREDICTABLE METASTABLE EUTECTICS: CONDENSATION EXPERIMENTS

General results

The nanometer-sized condensates are

1. crystalline end-members, viz. Fe304 (magnetite), 7-Fe:O3 (magh6mite) and MgO (periclase),

2. amorphous mixed metal-oxide/silica solids with intermediate compositions, and

3. abundant tridymite, a high-temperature SiO: polymorph, that may contain small amounts of

Fe, Mg, or AI.

The most amazing finding is that compositional groupings of the invariably amorphous mixed

metal-oxide/silica solids match metastable eutectics in the appropriate binary phase diagram.
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Duringthewaningof thecondensation phase proper, the solids are subject to post-condensation

adjustments when the thermal energy of condensed solids is still high. We found spinodal

decomposition in metastable eutectic ferrosilica solids (see Fig. 3 in ref. [11]). Crystallization of

the initially amorphous condensed end-member solids could also be a post-condensation, i.e.

autoannealing feature. Heat treatment at 1000K for 4 hours in vacuo caused a solid-state

amorphization transformation of compact polycrystalline tridymite aggregates (Fig. 2) into

amorphous silica spheres (Fig. 3) that are thermodynamically unstable.

The A!203-SiO2 system: Kinetic effects

Polymerization of silica melts by alumina in_oduces spurious kinetic effects in quench-melt

experiments to determine the liquidus topology of the A1203-SIO2 phase diagram. At issue is the

nature ofmullite melting. Consequently there are two accepted versions of this equilibrium phase

diagram in use today. Each diagram has one metastable eutectic point but at a different

composition (Fig. 4). The condensed intermediate amorphous aluminosilica solids had

compositional peaks at 11.5 and 47-wt % AI:O3 each matching a metastable eutectic in one of

these two diagrams but at different composition (Table 1). Another group of condensed

aluminosilica solids is clustered at 7-wt % Al:O3 and the solids have a distinct crystalline rim [see

Fig. 3 in 9]. In the original data reduction these rimmed grains were treated as a group separate

from the amorphous aluminosilica solids [9]. It is possible that they might be affiliated with the

metastable eutectic solids at 11.5-wt % A1203. In that case, it remains to be explained why they

are texturally different. Kinetic affects caused by rapid polymerization of the vapor by alumina at

the molecular level may have affected vapor phase condensation. Pure A1203 grains did not

condense: this may be related to the fact that corundum is a poor glass-former. Amorphous

alumina exists only at liquid He temperatures. Assuming that initially amorphous end-member

oxides became ordered only during post-condensation autoannealing, it appears that condensation

of ordered alumina (corundum) is a unique equilibrium phenomenon, or is restricted to extremely

cold astrophysical environments.

The FeO/Fe203-SiO2 system: Oxygenfugacity

Oxygen fugacity is an important parameter in Fe-containing systems. In the experiments

reported here, the oxygen fugacity varied randomly during gas-to-solid condensation. When both

ferrous and ferric iron vary during condensation, the (pseudo) binary system FeO/Fe:03-Si02 has



NaturalMetastableEquilibrium 7

threemetastable eutectics (Fig. 5). The iron content of the condensates is thus presented as 'FeO'

without consideration of the actual FeO/Fe:O3 ratio unless mineralogical data is available to make

an appropriate identification. The ferrosilica condensates had three compositional peaks, vJz. at

97, 33 and 17-wt % 'FeO' (Table 1). Almost pure Fe-oxide defines a Si-bearing maghtmite

metastable eutectic at 97-wt % Fe203 [ 11]. The compositions of the other metastable eutectics

vary as a function of the FeO/Fe203 ratio. The composition is 17-wt % 'FeO' for FeO/Fe203 = 812

whereas this composition is 33-wt % 'FeO' when FeO/Fe203 = 6/4 [1 I]. During non-equilibrium

condensation the ferrosiliea grains typically occur at both intermediate metastable eutectics. The

Fe/Si ratio of the metastable eutectic at 17-wt % 'FeO' does not match the Fe/Si ratio ofnaturaUy

occurring minerals. However, the solids ordei'ed at the 33-wt % 'FeO' metastable eutectie have

the same Fe/Si ratio as Fe-saponite, a smeetite group mineral. This condensation experiment

clearly demonstrated that oxygen fugacity remains a defining parameter when establishing

predictable metastable equilibrium in Fe-bearing vapors. Unfortunately, because of the dymamie

nature of the processes leading to metastable eutectic equilibrium, it may never be possible to

completely control or predict the oxygen fugacity at the point of condensation.

The MgO-SiO2 System

The magnesiosilica solids condensed in a Mg-SiO-n2-o2 showed chemical ordering at two

compositional peaks, 28 and 50-wt % MgO, that match the metastable eutectics in the MgO-SiO2

binary phase diagram (Fig. 6). These solids define two distinct metastable eutectics, _z. (1)

serpentine-dehydroxylate, MgaSi2OT, and (2) smectite dehydroxylate, MgtSisO22 (Table 1). The

dehydroxylate Mg/Si ratios are the same as the layer silicate minerals serpentine and smectite

(saponite) or tale.

The MgO-FeO/Fe203-SiO2 system

To explore how metastable eutectic behavior affects the condensed solid compositions in

ternary oxide vapors, we studied the condensates from a Mg-Fe-SiO-H2-O2 vapor. The (pseudo)

ternary MgO-FeO/Fe203-SiO2 diagram is of considerable interest because it includes several

common rock-forming minerals, viz. olivine, pyroxene and several layer silicate minerals (Table

2). The condensed magnesiosilica and ferrosilica solid compositions faithfully mimicked the

metastable eutectics in the individual binary systems (Figs. 5,6); metastable eutectics occurred at

50 and 28-wt % MgO, 97-wX % Fe,.O3, and 33 and 17-wt % 'FeO' (Table 1). This particular non-
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equilibrium gas-to-solid condensation experiment revealed some phenomena with possibly far-

reaching implications. The experiments showed that

1. There were no condensed solids on the MgO-FeO/Fe:O3 join, which is consistent with

complete solid solution in the Mg-Fe and MgO-FeO/Fe:O3 binary systems [10]. This

'negative' result confirms metastable eutectic behavior at predictable compositions, and that

metastability is an essential component of condensing clusters,

2. Condensation did not yield solids with a mixed ferromagnesiosilica composition (Fig. 7),

3. Ferrosilica solids were also ordered at the predicted greenalite dehydroxylate metastable

eutectic, Fe3Si207 (Figs. 5, 7), with the same Fe/Si as greenalite, Fe3Si2Os(OH)4 (Table 2).

This metastable eutectic at 70-wt % FeO replaces the intermediate 'FeO' metastable eutecties

(Table 1) when ferrous iron is the predominant iron species in the vapor [10].

Implications

Predictable metastable eutectic behavior is not just a theoretical oddity. One of the fascinating

facts is that this chemical ordering of metal/Si ratios at metastable eutectics resembles the ratios

of layer silicates (Table 2) which we will discuss below. Metastable eutectic solids will contain

considerable "internal chemical and crystallographic (being amorphous) free energy". They

require little activation energy to start a seemingly unpredictable sequence of kinetically

controlled reactions that will lead to thermodynamic equilibrium. Any intermediary phases are

likely to include ultrafine-grained stoichiometric minerals that form outside their thermodynamic

stability fields. The non-equilibrium condensation experiments showed that the conditions needed

for predictable chemical ordering at metastable eutectics are high temperature and (ultra) rapid

quenching. Similar conditions may characterize other processes and it is possible that this type of

predictable non-equilibrium may be a common feature in many extraterrestrial and terrestrial

environments, albeit one that we have yet to recognize.

EXTRATERRESTRIAL ENVIRONMENTS

O-rich circumstellar dust

The identification of silicates in dusty astrophysical environments relies on infrared (1R)

spectroscopy [4,5]. The strength and exact positions of the 10 grn and 20 pan IR spectral features

related to the Si-O stretching and O-Si-O bending modes are diagnostic to determine the nature of
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thesesilicatesandtheiragingproperties[3,13]. Incombinationwith reasonableassumptions

concerningthecosmic elemental abundances, the IR data were interpreted as amorphous Mg-rich

"olivine' dust, 'disordered olivine' [ 14] and fully-ordered forsterite with small amounts of Na, Ca,

and A1 [15]. The silicate mineralogy might be more complex and could also include amorphous

and crystalline Mg, Fe-pyroxenes [ 16,17] and plagioclase (Ca2AI2S i2Os) [18]. Whether this range

of mineral and structural properties is real, an artifact of IR spectral resolution and date reduction,

or both, is not clear. The lnfraredAstronomical Satellite observations at mid-infrared

wavelengths [ 19] showed relatively little variation in the spectral properties of dust around a very

wide range of stellar sources. Until the amazing observations made by the lnfrared Space

Observatory (1S0) satellite [20,21] most researchers believed that all such condensates were

amorphous and that compositional data would be impossible to derive from these observations

alone. However, 1S0 observations at far-infrared wavelengths showed that in certain relatively

rare, high-mass-loss-rate stellar outflows, nearly pure magnesiosilica grains form and anneal to

crystalline Mg-silicates without detectable iron. Despite copious quantities of amorphous dust

crystalline Fe-silicates have not yet been observed in such sources. A dearth of crystalline Fe-

silicates could be explained by the experimentally obtained result that magnesiosilica solids

anneal much more rapidly than do ferrosilica condensates [22].

Only condensation at metastable eutectic compositions can explain the formation of pure Mg-

SiO dust in the form of chemically ordered amorphous Mg3Si:O7 and Mg65i8022 grains (Fig. 6).

These grains will thermally anneal to crystalline phases in the high temperature environments of

these massive stellar outflows. In less massive outflows none of the grains experience

temperatures high enough to induce crystallization and all condensates therefore remain

amorphous. The hypothesis that condensation occurs at metastable eutectic compositions does

bring order to an otherwise chaotic situation because it limits the number of different possible

thermodynamic equilibrium condensates to a finite set of ferrosilica, magnesiosilica and simple

metal-oxide grains no matter the bulk composition in various O-rich circumstellar environments.

Wide variations in stellar composition can easily be accommodated by changes in the relative

proportions of the metastable condensates.

Within limits the compositions of minerals formed after thermal annealing are also predictable

using nucleation theory and bulk chemistry. [23] and some consideration of the surface free

energy of the system [24,25]. For example, thermal annealing of serpentine dehydroxylate (Fig.

6) ideally yields olivine + p_Toxene, vtz. Mg3Si207 _ Mg:SiO_ + MgSiO_ wherein the reaction

products will be ultrafine-grained thermodynamically unstable minerals. Instead, experimental

studies show that the reaction, 2 Mg3Si207 _ 3 Mg2SiO4 + SiO:, produces a thermodynamically
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unstable assemblage of forsterite + tridymite before reacting to form enstatite + forsterite during

continued heat treatment, viz. 3 Mg:SiO4 = 2 Mg2SiOa + Mg:Si_O_. The thermodynamically

unstable assemblage exists because of the surface free energy of the phases [24].

Solar nebula dust

The dust in astrophysical environments is only accessible by remote sensing observations and

laboratory simulation studies [4,26]. This situation is much improved for our own solar system

because the collected meteorites, micrometeorites [27,28] and interplanetary dust particles (IDPs)

are samples from protoplanets that still existas small solar system bodies. The protoplanets

include a wide variety of asteroids such as near-Earth Asteroids and those in the asteroid belt

between Mars and Jupiter [29] and comet nuclei from the Kuiper belt and the Oort cloud [30,31].

The distinction between asteroids and comets is not always unambiguous. For the present purpose

comet nuclei are 'dirty-ice' balls or rubble piles thereof [32] while asteroids are compacted ice-

free bodies that experienced variable levels of aqueous Or thermal alteration, or some combination

of both. Protoplanets contain information on the dust from which the solar system formed

(presolar dust) and the dust that condensed from the cooling solar nebula gas phase (solar system

dust).

The carbonaceous chondrite meteorites represent the least modified asteroids. For example,

the elemental abundances of CI-type carbonaceous chondrites are identical to those of the solar

photosphere except for the most volatile elements, such as C, H, O, N [33]. Solar or cosmic

elemental abundances are a primitive chemical signature [34] of materials that did not experience

post-accretion alteration. Somewhat surprisingly because the collected C1 carbonaceous

chondrites are fully hydrated and contain veins of salt minerals that indicate open-system

chemical transport and possible loss of volatile and soluble elements at an early stage of during

their evolution [35]. Yet, they are considered to be representative of the solar or cosmic elemental

abundances but the abundance of a soluble element such as sodium is probably depleted in the CI

carbonaceous chondrites. In fact, the compositions of anhydrous cluster IDPs indicate a higher Na

abundance of 2 x CI [36].

Equilibrium condensation

The molecular cloud wherein our Sun was formed contained dust condensed in and ejected

from O-rich stars. This dust was present throughout the solar nebula surrounding the Sun and the

Giant Molecular Cloud core. During the highly energetic T-Tauri phase in the evolution of the
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sun this dust was completely evaporated in a region close to the star. Similarly, viscous

dissipation of the angular momentum of infalling material also caused vaporization of even the

most refractory materials in some regions [37]. This vapor condensed in cooler regions at greater

distances from the sun. The size of this zone of evaporation and condensation is not exactly

known but its greatest extent was probably within Jupiter's orbit. Beyond Jupiter the original

presolar dust generally survived and was incorporated into the protoplanets that became comet

nuclei. It was generally assumed that all mineral constituents of the unequilibrated chondrite

meteorites that include the carbonaceous chondrites are thermodynamically stable phases. This

situation has led to a model of equilibrium condensation of stoichiometric thermodynamic phases

in a cooling solar nebula gas of chondritie composition.

For almost forty years equilibrium condensation models have been used to predict the

stoichiometric minerals that form in a cooling solar nebula. Equilibrium condensation began with

corundum (A1203) at ~1680K followed by CaTiO3 (perovskite) and Ca2AI2SiO_ (gehlenite) at

-1575K, then Ca2MgSi207 (hkermanite), MgAI2Og (spinel), diopside and metallic iron between

-1350-1400K. Next form forsterite (Mg2SiO4), enstatite (MgSiO3), plagioclase, alkali-feldspars

[(K, Na)AISi3Os], and magnetite between ~ 1475-1100K. Finally, layer-silicates form via

hydration of previously condensed silicates below --400K [38,39]. This condensation sequence is

an unlikely natural process. For example, the reaction [MgxSiO4](gu) ::::> [Mg2SiO4]fsolid) is

impossible as written because there is no forsterite gas molecule. The formation of forsterite and

other 'complex" stoichiometric silicate minerals requires unique conditions which are not

conducive to widespread silicate condensation. Numerous petrologic studies of meteorites have

yet to produce unambiguous evidence for fractional equilibrium condensation. In preceding

sections we discussed that, for example, olivine crystals cannot be original condensates but must

be secondary phases formed following condensation and aggregation of primitive condensates

and after considerable heat treatment. The collected aggregate IDPs are the most pristine, i.e.

least-altered or modified, samples from the earliest epoch of our solar system that are available to

laboratory analyses. These IDPs could still contain the remnants of the circumstellar dust types

that were formed by vapor phase condensation. There is a steady influx of IDPs to the Earth's

atmosphere. They can be considered the shooting stars that survived atmospheric entry heating

during deceleration in the atmosphere at altitudes between 100-80-km.

Chondritic aggregate IDPs, or cosmic dust
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Briefly, IDPs are collected in the Earth's stratosphere between 17-19-km altitudes using flat-

plate collectors mounted underneath the wings of high-flying aircraR. Details are available on the

collection and curation [40], the mineralogy, major and minor element compositions [30,31,41],

the isotopic compositions [42], and physical properties [43,44]. The 10-50-}xm-sized aggregate

IDPs, that are a subset of the collected stratospheric particles, have close-to-chondritic bulk

compositions although none of their individual constituents has a chondritic composition [30]

(Fig. 8). The IDPs include the solid debris of comets released during the sublimation of water ice

at the nucleus surface [45] and primitive asteroids where they are probably released during impact

by a smaller body and/or during catastrophic disruption.

The sizes and compositions of dust analyzed near the nucleus of comet Halley [46] show

considerable similarities with the matrix con.,qtments in aggregate IDPs [10,30,31]. We note that

the current Stardust Mission to comet P/Wild should eventually yield samples from a second

comet. These similarities forge a reasonable link between cometary dust and aggregate IDPs that

contain remnants of presolar dust. This link offers some interesting insights for interpretation of

the 1R spectra of interstellar and cometary dust. For example, plagioclase could be an equilibrium

phase according to equilibrium condensation models [38] among circumstellar dust [18]. Taking

the relative cosmic elemental abundances [34] into account, Ca.-L(K,Na)-bearing ahiminosilica

phases will be less abundant than ferromagnesiosilica dust. The petrologic relationships of rare

plagioclase and alkali-feldspar in aggregate IDPs show a secondary, not a condensation, origin

[30,41]. It seems unlikely that in the absence of significant post-condensation thermal annealing

plagioclase can be abundant among the circumstellar dust.

The matrix of an aggregate IDP is by itself an aggregate of three distinct spherical units or

Principal Components (PCs) [30,31] including two chemically and texturally different (C-free)

ferromagnesiosilica PCs that range from -90 nm up to 2-3 micrometer in diameter, viz.

1. Coarse-g_ained smectite dehydroxylate, (Mg, Fe)6SisO2:, units with Fe/(Fc+Mg) (fe) = 0 -

0.36 (element ratio), and

2. Ultrafine-grained units with a serpentine dehydroxylate, (Mg,Fe)3Si2OT, composition andre =

0.36 - 0.83 identical to the ferromagnesiosilica [47] units of glass with embedded metals and

sulfides [48].

The minerals observed in these PCs are secondary phases that were formed in an originally

amorphous material [30,31] whereby the coarse-grained units are probably the result of fusion

(i.e. compaction) of ferromagnesiosilica aggregates consisting of condensed ferrosilica and

magnesiosilica dusts [I0]. This model is based on the results of the Mg-Fe-SiO-H2-O2 vapor

condensation experiments. That is, the proximity of the condensed amorphous metastable eutectic
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and end-member solids in this ternary system offered the opportunity for mixing along tie lines

connecting the condensed solid compositions. In this manner, the chemically reactive solids will

be able form ferromagnesiosiliea aggregates that, given the opportunity, could become fused into

homogeneous amorphous ferromagnesiosilica grains. In environments dominated by gas-to-solid

condensation aggregation will be the only way to obtain mixed ferromagnesiosiliea grains with

predictable metastable mixed ferrornagncsiosilica compositions. This is shown in Fig. 9 where

three randomly selected bulk compositions of these coarse-grained PCs are uniquely defined by

the tie lines connecting the condensed solid compositions [10,30]. The high degree of chemical

order is one of the most remarkable properties of chondritic aggregate IDPs and is consistent with

predictable non-equilibrium condensation in 0-rich circumstellar atmospheres.

Shock metamorphism: Impact structures and simulation experiments

Hypervelocity impacts are an important process in the evolution of the solar system [49,50].

The resulting impact structures can show a wide range of shock metamorphic features ranging

from unique dislocation microstructures in minerals, melting, and melt-vein intrusion to

evaporation [5 I]. Apart fi'om Lunar craters sampled during the Apollo program, the only impact

structures that are accessible to laboratory analyses are those that survived in the geological

record. We selected two examples to explore metastable eutectic behavior in the kinetic, ally

controlled environment of impact events.

The first example is the 23 Ma-old Haughton crater (Canada) wherein the crustal rocks

experienced impact-induced phase transformation at peak pressures between 50-60 GPa (1 GPa =

10 kbar) [52]. This well-documented petrologic study of shock metamorphism describes several

mineralogical domains in shocked gneiss fragments from the allochthonous polymict breccia in

this crater. One newly formed amorphous region was reported as having "a rather homogeneous

composition with a very peculiar AI/Si ratio close to 1. Such a ratio is inconsistent with the

chemistry of any pre-shock mineral in the sample." [52]. The average composition of this

amorphous material is SiO2 = 58-wt % and A1203 = 42-wt %. This material and amorphous

material associated with shocked feldspars contain needles of an unknown A1203 polymorph.

Shock-produced coesite, cristobalite and amorphous SiO: occur in addition to pre-shock quartz,

and euhedral mullite crystals surrounded by SiO.,--rich glass [52]. These and other petrologic

features in the shocked gneiss fragments were thought to have formed in response to very fast

local equilibrium reactions during shock-induced temperatures of 1675K, and locally up to

2775K, and thermal decay at moderate to low pressures to -1475K in a few milliseconds [52].
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Theuniqueshock-produced amorphous aluminosilica material has a metastable kaolinite

dehydroxylate composition (Table 1). An alternative scenario accepts the existence of domains of

metastable eutectic equilibrium rather than pervasive equilibrium in this impact structure. That is,

formation of amorphous kaolinite-dehydroxylate material, which during post-shock thermal

annealing was decomposed into mullite surrounded by SiO: glass, Wz. 3 A12Si207 = AIrSi:O_3 + 4

SiOz. The submicrometer mullite may not be a thermodynamically stable phase. Nanometer-sized

A1203 needles in the amorphous aluminosilica material might share a similar annealing history.

The physical conditions during shock-impact metamorphism will be conducive to metastable

euteetic behavior. Consequently there should be some reservation to assign thermodynamic

equilibrium to the submicrometer-sized phases.

This observation leads to experimen,__al studies of impact-shock metamorvhisra. To illustrate

this point, we selected a study on disequilibrium features in experimentally shocked powders of

mixed olivine and silica glass that are chemically incompatible and coexist only in metastable

equilibrium below 1475K at 1 atm. pressure [53]. The composition of shock-produced pale to

dark green Mg-rich ferromagnesiosilica melts did not vary as a function of shock pressure

between 42.9 and 62.2 GPa. But, "Surprisingly, the compositions of the colored glasses are

intermediate between the composition of pure olivine [that was used as a starting material, our

comment] and the bulk composition of the original starting material (79-wt % SiO2) and are

similar to enstatitic pyroxene compositions" [53]. There was no evidence for the presence of this

pyroxene in the starting and shock-produced materials and thus it was suggested that the melt

compositions might indicate "an incipient eutectie-type fusion" [53]. The recalculated melt

compositions [Table 2 in 53] are clustered mostly at the intersection of a tie line connecting the

starting material and original olivine compositions with one of the metastable eutectic mixing

lines in the Mg-Fe-Si diagram (Fig. 10). The melt composition at 61.0 GPa that falls below the tie

line might indicate loss of iron and Si-enrichment but no data are available to assess this

possibility, or the possibility of melt heterogeneity. The "incipient eutectic-type fusion" in this

experiment might be equivalent to predictable metastable eutectic non-equilibrium behavior.

TERRESTRIAL ENVIRONMENTS

Most ordinary rocks do not appear to contain phases with metastable eutectic compositions

although the appropriate boundary, conditions might exist in manv terrestrial environments. One

such example is pyrometamorphic buchites resulting from underground coal fires. They are

something of a petrologic oddity, containing unusual Fe3"-rich minerals and characterized by
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millimeter-scale mixing of equilibrium minerals and non-equilibrium domains [54,55,56]. It is

possible that these non-equilibrium domains might represent metastable eutectic equilibrium.

Fulgurites, another petrologic oddity, form when a lighting strike hits the Earth's solid surface.

Because many surface materials such as soils contain organic materials, interactions with a

lightning strike cause extreme reduction at air temperatures up to -30,200K leading to the

formation of metallic phases that are not normally found at the surface [57]. Fulgnrites are

amenable to experimental study using triggered-lightning strikes. In a recent experiment, wherein

the oxygen fugacity was not buffered, a lightning strike penetrated a stack of alternating slabs of

magnetite and aluminosilica glass wool (42-wt % SiO2; 58-wt % A1203) producing various

ferroaluminosilica phases [58]. The eomposiiions (-_40-wt % A1203) of neoformed aluminosilica

glass spheres match the metastable kaolinite dehydroxylate eutectic (Table I). Lightning

produced Fe3+-rich cordierite glass, Alz 13Teo92*Fet.s(Alo 6Si_ 4018). Applying the criteria for

chemical ordering at metastable eutectics to the FeO-AI203 phase diagram [59], we predict a

metastable eutectic point at ~35-wt % A1203. The unique AI203.FeO.Fe203 spinel dendrites,

FeO/Fe203 = g/2, that grew rapidly in the glass during thermal recovery (autoanncaling) might

represent metastable eutectic behavior. This experiment showed a mixture of predictable

metastable eute,etic and equilibrium phases [58] similar to the observations of coal-fire buchites.

Volcanic ash

Micrometer-sized and smaller dust in Plinian-type volcanic eruption plumes, such as the Mt.

St. Helens, El Chich6n and Mt. Pinatubo volcanoes, could have metastable eutectic compositions.

This dust is dispersed by aeolian transport in the troposphere and when carried alot_ in ejecta

plumes directly into the stratosphere its dispersal will be on a global (hemispherical) scale. A

limited literature survey showed that aluminosilica shards and aggregates with < 10 wt % other

elements (mostly Fe, Ti, Ca, K or Na) are common among volcanic ash. For example, in the

Antarctic [60] and Greenland [61,62] ice sheets, in the stratosphere at -35-km altitude [63], and

among shards and spheres in the Mt. Etna volcanic plume [64,65]. The shards are angular with a

smooth surface. The A1203 content of this glassy and tridymite-rich [66] volcanic dust defines a

trimodal distribution (Table 3).

The micrometer-sized airborne coal-burning dust emissions in the Upper Silesian Industrial

Region (USIR) of Poland lack the typically abundant fly ash spheres. It include a high abundance

of-0.1 to -5.2 micrometer-sized pure silica and aluminosilica shards and clusters, and only rare

silica spheres (Fig. 11). The mostly compact grains have a smooth surface. The log-normal size
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distributions of the shards and the presence of clusters suggested that this dust is volcanic ash that

survived inefficient coal burning for domestic use [67]. In other words, the low-temperatures in

domestic furnaces hardly modified this volcanic ash from the time of coal deposition. This

observation was the first to recognize fossil volcanic dust among coal fly ash although it is well

documented that natural coals typically contain mineral impurities such as quartz, feldspars, layer

silicates including mica and il!ite, Al4SisO20(OI-l)4 and sulfides.

A comprehensive long-term study of airborne coal-burning emission in USIR found massive

and porous glassy aluminosilica shards with two discrete size ranges from 19 up to 27 and 37 up

to 55 micrometer, and abundant spheres ranging from 2 to 55 micrometer [68] (Table 3). The

grains belonging to the population with meanAl203 = 22.6 wt % have similar sizes as the dust

collected during 1994 June [67] but they are not smooth angular shards [68]. The surface appears

to be etched and many aluminosilica grains show a three-dimensional skeletal framework giving

them an almost spongy appearance (Fig. 12). A few compact grains have a spongy rim. Large

grains still have an angular outline but the smallest grains have lost any vestiges of sharp edges.

Rare spheres also belong to the compositional group of skeletal aluminosilica grains with the

formula AL,SisO2z and the same AI/Si ratio the clay minerals pyrophyllite and illite. Some

fraction of the amorphous aluminosilica grains in the population with mean = 11.5 wt % AIzO3

also have a skeletal or spongy texture and their average composition is close to AlzOy 12SiOz.

The compositions of spongy aluminosilica grains match the thermally annealed metastable

eutectic, A1203 = 26.6 + 4.4, on the low-alumina limb of the spinodal solvus in the AI203-SiOz

phase diagram [9]. It supports a scenario wherein fossil, metastable eutectic, volcanic dust with

AI:03 = 12.4 + 2.7 was heated sufficiently during coal combustion to initiate decomposition, v/z.

2 A1203" 12SiO2 = AhSisO,.: + 16 SiO_, with the resulting aluminosilica composition on the

spinodal solvus. Silica vapor condensation could have produced the tiny hollow [58] nanometer-

sized silica spheres. The predictable metastable compositions, the textures and morphologies, of

the airborne aluminosilica dust grains are consistent with thermal annealing and partial

evaporation during burning of fossil volcanic dust impurities in locally used coals

Coal fly ash

Industrial coal burning produces aluminosilica spheres, and aggregates of spheres, with iron

oxides, MgO, CaO and K:O as other major components; less commonly, aluminosilica spheres

can have <10-wt% other elements [69,70,71,72]. The spheres can be massive, frothy (or spongy)

or hollow in which case they may be filled with many smaller spheres [72,73]. Massive spheres
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can be glassy or partially devitrified with randomly oriented mullite needles in an amorphous

aluminosilica matrix [69,70,73]. The compositions of almost pure aluminosilica spheres closely

match with the kaolinite dehydroxylate metastable eutectic composition (Table 4). Two coal fly

ash spheres (18.3 and 29.3-wt % A1203) match the formula AhSisO22 of the pyrophyllite or illite

dehydroxylate composition of the spongy (frothy) fly ash grains collected in USIR. Isolated coal

fly ash spheres were rare among the freest collected dust [67] but massive glassy aluminosilica

spheres were common in aggregate particles in USIR (Fig. 13). These aluminosiliea spheres

typically contain more than 10-wt % but <35-wt % Fe-oxides, K20, Na20, CaO, MgO or

TiO2whereby Fe and K axe the most abundant elements present [68]. In addition Zn, Mn or Cu

axe present in spheres with highest content of other elements. Fewer than 2% of all spheres axe

aluminosilica with < I 0-wt % other elements [68] with A!20_ontents displaying tri-modal

distribution (Table 4). The spheres with mean = 8.2-wt % A1203 are 15% of all aluminosilica

spheres with <10-wt % other elements.

RESEARCH OPPORTUNITIES

Interplanetary Dust Particles

Thermal events that will be conducive to metastable eutectic behavior in aggregate IDPs axe

I. Irradiation by energetic H and He atoms and interactions with solar flares in space [48], and

2. Dynamic pyrometamorphism during atmospheric entry [30,41].

Single crystals embedded in aggregate IDPs, such as Mg-rich olivine, enstatite and diopside can

develop amorphous rims or become almost completely amorphous when they were exposed to the

space radiation environment. These interactions may cause Mg-loss and O-enrichments leading to

non-stoiehiometrie amorphous materials [23,30,48,74]. These radiation-induced compositions

resemble serpentine and Si-rich smectite metastable eutectic dehydroxylates [23,74]. Possible

effects of dynamic pyrometamorphism to the observed non-stoichiometry are undefined but

radiation-induced non-stoichiometry and structural defects will undoubtedly facilitate thermal

modification. Flash-heating alteration in IDPs is a largely unexplored area of research.

Environmental Mineralogy
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Air-borne dusts in our respiratory system, soils and surface-waters become potential health

hazards. The properties that determine the dust interactions in these environments such as the

level of biological activity, in the human lungs [75] include:

1. The size and shape of the grains,

2. CrystaUochemical properties of the crystalline phases,

3. Their amorphous, disordered or fully-ordered nature,

4. Surface chemistry, topography and electrical charge, and

5. Associates trace phases.

This listing does not specifically include the surface free energy for manometer-sized dust or the

Gibbs adsorption isotherm that drives chemic, al impurities to the surface of liquids to lower the

surface free energy. It also does not consider the "internal free energy" of metastable euteetie

dust. The emerging sub-discipline of Environmental Mineralogy should carefully consider the

role of metastable eutectic dusts. For example, chrysotile, Mg3Si_Os(OH)4, asbestos can make up

more than 50% of the fibrous-mineral lung burden [76]. It has become increasingly clear that this

particular form of asbestos is much less dangerous than crocidolite because chrysotile is highly

soluble in the lung environment [75]. Conceivably this behavior is in part related to the

serpentine-dehydroxylate chemistry. In general, inhaled dust with metastable eutectic

compositions should be more soluble than equilibrium mineral dust.

Metamorphic reactions

In a preceding section we discussed shock metamorphism in a terrestrial impact structure.

Similar processes have defined the formation and evolution of the regolith at both the lunar and

asteroidal surfaces. Samples ofasteroidal regolith breccias show evidence for localized shock

melting. We predict that these melts display metastable eutectic behavior. Indeed, interstitial

aluminosilica (with < 10-wt % other elements) melts in two H-chondrites, Nulles and Dimmitt,

have 16.2 and 25.1-wt % AI:O3 and 19.4 and 20.7-wt % A1203, respectively [77] that match the

metastable aluminosilica eutectics (Fig. 4).

Regional and contact metamorphism both take place gradually over periods of millions of

years whereby one equilibrium mineral assemblage transforms into a new assemblage that is in

thermodynamic equilibrium at the new PT conditions. The transition is probably characterized by

a series of kinetically controlled reactions. It is possible that the ensuing chain of metamorphic

reactions could proceed in a predictable manner. The properties of these reactions might be
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hidden in a "black box" of metastable intermediates in reactions such as A + B = "black box" = C

+D.

High-resolution TEM studies of the mineralogical interrelationships observed during mineral

reactions have revealed complex behavior at the unit cell level. Reaction zones are often lamellar

or interstratified microstructures of starting and reaction products. Biopyriboles [78,79], among

many others) are an example of an interlayered 'intermediate microstructure'. The formation of

new interfaces is costly and adds surface free energy to the assemblage; however, the impetus to

form microstructures such as biopyriboles might be chemical in nature. Metal/Si ratios of the

non-stoichiometric 'intermediate microstructures' such as biopyribole will resemble Si-rich

ferromagnesiosilica smeetite-dehydroxylates[74].

Another type of non-stoichiometric mineral composition arises by incorporation of wacancy

molecules in solid solution to maintain the integrity of the mineral structure, e.g. Mg-Eskola

pyroxene O0.sMgo.sAl[Si2Or] in pyroxenes. It is possible that metastable dehydroxylates in solid

solution cause non-stoichiometry, e.g. "excess Si and AI" as a metastable kaolinite-dehydroxylate

molecule. During thermal heat treatment this dehydroxylate decomposes as AI2Si:O7 _ AI2SiO5

+ SiO2 whereby the products will form inclusions in their host mineral. This scenario is consistent

with the petrographic relationships of sillimanite needles observed in garnet. Sillimanite, instead

of being a relict of an older metamorphic event, may have formed by decomposition of a

metastable aluminosilica component. Admittedly, this scenario is entirely unproven but the point

is that the "black box" could hide predictable metastable behavior during metamorphism.

Layer silicates and the Origin of Life

Layer silicates, in particular clay minerals, defy our attempts to constrain thermodynamic

equilibrium stability fields. It has been suggested that this group of minerals might not be 'true

[equilibrium] phases' [80, among many others]. It is at least curious that the metal/Si ratios in

most of the metastable eutectic dehydroxylates defined by the non-equilibrium gas-to-solid

condensation experiments axe identical to those of layer silicates (Table 5). This phenomenon

indicates that their compositions may not be constrained by thermodynamic equilibrium but

rather could reflect metastable behavior. This would provide such phases with considerable

"internal chemical energy". Natural terrestrial greenalite is restricted to the unique Precambrian

Banded Iron Formations wherein it precipitated from a gel [81 ] during a period in the geological

past when iron oxidation favored greenalite formation. Greenalite occurs also in the matrix of

type CM carbonaceous chondrite meteorites [35].
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The deadly hand of equilibrium thermodynamics pressing on the origin of life is a major

problem [82]: Life is a process that occurs far from equilibrium. One process that may be

involved in the origin of life relies on the synergy between layer silicates and hydrocarbon and

carbonaceous materials that also form layered structures [83,84, and references therein]. Mixed-

layered stacks of carbonaceous materials and layer silicates are clearly not in equilibrium.

Because both of these solids, each with predictable metastable eutectic compositions, occur in

many natural environments, these mixed-layered stacks might become versatile components that

could be quite responsive to environmental changes. This responsiveness to changing conditions

is not limited to planetary environments. Carbons and layer silicates go hand-in-hand in even the

most primitive materials such as IDPs [31,41_43] and thus probably also co-exist in comet nuclei.

Mixed stacks of laver silicates with metastable eutectie metal/Si _,tios and layered carbo_ could

have played a vital catalytic role in the origin Life.

SUMMARY

Chemical ordering at metastable eutectics was first recognized in non-equilibrium gas-to-solid

condensation experiments conducted to constrain dust formation in O-rich circumstellar

environments. Surprisingly, these types of metastable silicates might also have played a

contributing role in the most exiting scientific enigma of all, the Origin of Life. Predictable

metastable eutectic behavior follows directly from equilibrium thermodynamics. We were able to

confirm this elusive feature experimentally. Now that we are able to recognize metastable eutectic

behavior it opens the door to new and rewarding research opportunities that follow from the

unique properties of these amorphous, typically nano- to micrometer-sized, materials. Many of

the more exciting opportunities arise from the fact that such solids contain considerable "internal

chemical and crystallographic free energy". Recognition has also demonstrated that metastable

eutectic behavior is more common in many terrestrial and extraterrestrial environments than was

preciously recognized.
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TABLE 1: Chemical compositions of condensed end-member and metastable eutectic solids in

three binary systems. The notation 'FeO" is used without consideration of the actual FeO/Fe203

ratio (see text). A formula is given when the composition can be reduced to a smactural formula

with rational subscri _ts.

AhO_-SiOz FeO/Fe203-SiO2 MgO-SiO2Chemical System

End-members

Metastable eutectics

End-member

Absent

Absent

47-wt % A1203; A12Si207

11.5-wt % A1203

100-wt % SiO2

100=wt % Fc203

97-wt % FeqO3

33-wt % 'FeO',

2+FesFe3+[Fe3+Sb]O22

17-wt % 'FeO'

100-wt % SiO2

100=wt % MgO

50-wt % MgO; Mg3Si207

28-wt % MgO; Mg6Sis022

100-wt % Si02
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TABLE 2: Silicate minerals constrained in the MgO='FeO'-SiO2 system

OLIVINE PYROXRNE LAYER SILICATES

(Mg, FehSiO4 (Mg, Fe)2Si20_ Serpentine- Greenalite, (Mg,Fe)3SizOs(OH)4

Talc - Minnesotaite, (Mg, Fe)_SisO_0(OH)4

Saponite - Fe-saponite,

{MgsSit - 2+FesFe3+[Fe3+SiT]} Ozo(OH)4.X+.nH20
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TABLE 3: Mean ± one standard deviation and range ofA1203 (wt %) content of metastable

eutectic and heat-treated solids in the AlzO3-SiO2 phase diagram [9], and the compositions of

tropospheric and stratospheric volcanic dust [60-65], airborne fossil-volcanic fly ash in USIR

(ATEM data; [67,68] and SEM/EMPA data; [68]. The Student's t-test for populations means (5%

significance level) shows no evidence that the samples listed in each column are from populations

with a different mean than the means of the metastable eutectics

Metastable eutectics [9] 6.7 4- 3.0 11.5 4- 3.0 46.7 4- 10.8

Range 1 - 15 6- 16 21.8- 71.3

Annealed solids [9] 9.2 4- 3.1 26.6 4- 4.4 41.4 4- 5.4 59.7 4- 5.6

Range 3.3 - 15.4 20.8 - 37.1 32.0 - 55.1 50.0 - 68.9

Volcanic dust [60-65]

Range

Fossil volcanic dust [67,68]

Range

Fossil volcanic dust [68]

Range

3.84-0.4 12.44-2.7

3.54.3 9.0-15.5

5.94-1.3 11.54-2.4

3.0-7.7 8.0-16.0

23.44-5.2

16.1-34.7

22.64-4.3

16.7-37.0

22.24-1.8

18.8-26.4

40.1±5.0

37.1-53.3
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TABLE 4: Mean ± one standard deviation and range ofA1203 (wt %) contents in metastable

eutectic and heat-treated solids in the A1203-SiO2 phase diagram [9] and the compositions of

aluminosilica coal fly ash spheres < 10-wt% 'others'. The Student's t-test for population means

(5% significance level) shows no evidence that the metastable eutectic kaolinite dehydroxylate

solids [9] and coal fly ash spheres [69-73] and [68] are from populations with different means.

Metastable eutectics [9] 6.7 ± 3.0 11.5 ± 3.0 46.7 ± 10.8

Range 1 - 15 6- 16 21.8- 71.3

Annealed solids [9] 9.2 ± 3.1 26.6 4- 4.4 41.4 ± 5.4 59.7 4- 5.6

Range 3.3 - 15.4 20.8 - 37.1 32.0 - 55.1 50.0 - 68.9

Fly ash spheres [69-73] 39.2 4- 1.6

Range 36.5 - 40.9

Fly ash spheres [68] 8.2 4-0.7 25.6 4- 4.0 38.8 ± 3.3

Range 2.1 - 12.6 14.8 - 34.5 32.1 - 54.7
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TABLE 5: Metastable eutectic dehydroxylate compositions due to non-equilibrium gas-to-solid

condensation and heat-treatment (*) in the systems AI_O3-SiO2, FeO/Fe:O3-SiOz and MgO-SiO2

with the structural formulae of the matching layer silicate minerals.

AI,SizOT Kaolinite, A12Si205(OI-I)4 Al4SisO,, (*) Pyrophyllite, Al_isO2o(OH)4, and

Fe3Si2OT Greenalite, Fe3Si20_(OH)4

Serpentine, MgaSi2Os(OH)4

2+FesFe3÷[Fe3+SiT]022

Mg6Si.022Mg3Si2OT

AL,Si,O2o(OH)4.X+.nH20, Ulite

2*FesFe3÷[Fe3÷SiT] O2o(OI-I),.X +.nH20,

Fe-saponite

Mg6SisO2o(OI-I)4.X+.nH20, saponite,

and Mg6Si802o(OI-I)4, Tale
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Fig. 1 Transmission electron micrograph showing aluminosilica grains that were condensed

from an AI-SiO-H2-O2 vapor [91. This fluffy (porous) texture is typical for the materials produced

in the non-equilibrium gas-to-solid condensation experiments. Condensed pure silica grains occur

as large dispersed aggregates within this fluffy material. Note variations in the condensed grain

size that may show a weak correlation with the chemical composition. The gray background is the

embedding epoxy used to prepare the ultramicotomed thin-section.

Fig. 2 Transmission electron micrograph of an autoannealed, compact polycrystalline tridymite

aggregate with an irregular circumference formed via condensation in an Fe-SiO-H2-O2 vapor.

The typical tridymite twinning is visible in the upper portion of this compact grain. The gray

background is the embedding epoxy of the ultrathin section (modified after ref. [I 1]).

Fig. 3 Transmission electron micrograph of two amorphous pure silica spheres in ferrosilica

materials that was condensed from an Fe--SiO-H2-O2 vapor and subsequently heat-treated in

vacuo at 1000K for 4 hours. The spheres resulted from a solid-state amorphization transfommtion

of compact polycrystalline ta'idymite aggregates (see Fig. 2).

Fig. 4 The A1203-SiO2 phase diagram showing the metastable aluminosilica eutectics at 11.5

and 47-wt % A1203 at the nominal quench temperature of 775K (black squares) and one of two

aluminosilica solid compositions on the spinodal solvus limb atter heat-treatment of the kaolinite

metastable eutectic solids (open square). The metastable eutectic at 7-wt % A1203 of condensed,

rimmed aluminosilica grains is not shown. Modified after ref. [9] with the original references to

the phase diagrams.

Fig. 5 The (pseudo) binary system FeO/Fe203-SiO2 with the metastable eutectic compositions

of condensed solids (open squares) at 97-wt % 'FeO' (in both diagrams), at 17-wt % 'FeO'

(FeO/Fe2Oa = 8/2) and 33-wt % 'FeO' (FeO/Fe203 = 6/4) at the nominal quench temperature of

775K. The predicted composition of the Fe3Si2OT, i.e. or metastable greenalite-dehydroxylate

eutectic is also shown. Modified atter ref. [11].

Fig. 6 The MgO-SiO2 phase diagram with the condensed solid compositions of the serpentine-

dehydroxylate, Mg3Si207, and smectite-dehydroxylate, Mg6Si8022, metastable eutectic points at

the nominal quench-temperature of 775K. The data support a high-MgO-silica metastable
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eutectic, which would require a modification of the original diagram (question mark) according to

the long-dashed lines. Modified after refs. [4,10].

Fig. 7 The ternary diagram MgO-FeO-SiO_ (wt % oxides) with the chemical compositions of

gas to solid condensed solids from a Fe-Mg-SiO-H2-O2 vapor with metastable "MgSiO' and

'FeSiO' solids (diamonds) matching the metastable euteetics in the individual binary systems

(Figs. 5,6). The gas phase composition (dot) is taken to be similar to the "average bulk solid"

composition obtained by AEM analyses although it was probably somewhat less 'SiO'-rieh. The

open arrow indicates the condensed solid compositions of the greenalite-dehydroxylate euteetie

(see Fig. 5). Modified after ref. [10].

Fig. 8 Scanning electron micrograph of the aggregate interplanetary dust particle W7017B2

with an approximately chondritic bulk composition (within a factor of 2). The scale bar is two

micrometers. This particle is from the NASA Johnson Space Center Cosmic Dust Collection.

This figure was modified after Rietmeijer and Warren in ref. [40]. Reproduced by courtesy of the

National Aeronautics and Space Administration.

Fig. 9 The Mg-Fe-Si (element wt %) diagram showing the mixing lines (dashed) between the

condensed amorphous metastable eutectic solids (dots): (1) smectite (Sm-d) and serpentine (S-d)

dehydroxylates, (2) the low-FeO ferrosilica dehydoxylates, (3) the Si-rich Fe- and Mg-oxides,

and (4) common silica grains (solid square). The compositions of three coarse-grained smectite

dehydroxylate, (Mg, Fe)6SisO22, units in an aggregate IDP matrix (black diamonds) represent the

maximum element ratio Fe/(Fe+Mg) (/_) = 0.36 (line 1) and average ratio of 0.23 (line 2). A

metastable serpentine dehydroxylate mixing line (dashed) connecting the S-d and greenalite (G-d)

(open circle) metastable eutectics (see Fig 7) is located in between the stoichiometric olivine (Fo-

Fa) and pyroxene (En-Fs) lines. The bulk compositions of all ultrafine-grained serpentine

dehydroxylate, (Mg, Fe)3Si2OT, units(/'e = 0.36 - 0.83) plot on this particular mixing line [30]. The

apex notation Fe2+,Fe 3+ symbolizes variable Fe2+/Fe 3+ ratios. Modified after ref. [10].

Fig. 10 The same Mg-Fe-Si (element wt %) diagram as Figure 9 showing the olivine

composition (open square labeled O), the starting mixture of this olivine plus silica (open square

labeled S) and melt compositions obtained at shock peak-pressures between 42.9 GPa and 64.2

GPa of this mixture (open squares). The data are from reference [53]. The melt compositions

cluster tightly at the intersection of two mixing lines between metastable eutectic ferrosilica and
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rnagnesiosilica solid composition. The compositions of the starting materials and the melts arc

close to line 2 of constant Fd(Fc+Mg) (element ratio)

Fig. 11 Transmission electron micrographs of coal fly ash due to inefficient coal burning in

the Upper Silesian Industrial Region (Poland) collected at 95m above ground level [67]. On the

left is shown a hollow silica sphere and on the right an: two massive irregular aluminosilica

shards. Tim grains are al_ached to fibers (arrowheads) of the dust collection substrate. The gray

background is the holey carbon thin-film that is supported on a standard Cu-mesh grid for TEM

analyses onto which the collected grains plus collection substrate were dispersed (see ref. [67] for
details).

Fig. 12 Transmission electron micrograph of a spongy (frothy or porous) aluminosilica shard

among coal fly in the Upper Silesian Industrial Region (Poland) collected at 60m above ground

level [68] attached to fibers (arrowheads) of the collection substrate (see caption fig. 1 I).

Fig. 13 Scanning electron micrograph showing a porous ahimniosilica coal fly conglomerate of

spheres and irregularly-shaped particles collected at 90 meters above ground level in the city of

Katowice in the Upper Silesian Industrial Region (Poland) [68].
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